wall, causing a discontinuity in the motion field, and the smoothness assumption can lead to poor 23 matching accuracy. In response, alternative registration methods have been proposed, several of 24 which rely on prior segmentations. We propose an original method for automatically extracting a 25 particular segmentation, called a motion mask, from a CT image of the thorax.
26
Methods: The motion mask separates moving from less-moving regions, conveniently allowing si-27 multaneous estimation of their motion, while providing an interface where sliding occurs. The 28 sought segmentation is subanatomical and based on physiological considerations, rather than organ 29 boundaries. We therefore first extract clear anatomical features from the image, with respect to 30 which the mask is defined. Level sets are then used to obtain smooth surfaces interpolating these 31 features. The resulting procedure comes down to a monitored level set segmentation of binary label 32 images. The method was applied to sixteen inhale-exhale image pairs. To illustrate the suitability 33 of the motion masks, they were used during deformable registration of the thorax.
34
Results: For all patients, the obtained motion masks complied with the physiological requirements 35 and were consistent with respect to patient anatomy between inhale and exhale. Registration using 36 the motion mask resulted in higher matching accuracy for all patients, and the improvement was 37 statistically significant. Registration performance was comparable to that obtained using lung 38 masks when considering the entire lung region, but the use of motion masks led to significantly bet-39 ter matching near the diaphragm and mediastinum, for the bony anatomy and for the trachea. The 40 use of the masks was shown to facilitate the registration, allowing to reduce the complexity of the 41 spatial transformation considerably, while maintaining matching accuracy. 55 and drive the algorithm to solutions with plausible and desira-56 ble properties. In particular, the assumption of spatial smooth-57 ness of the transformation is widely used to estimate motion 58 induced deformations. Depending on the registration method, 59 this can be accomplished by expressing the transformation 60 using smooth basis functions, through smoothness constraints 61 and by including regularization penalties in the optimization 62 framework favoring smooth solutions.
limit the effect of small segmentation errors of the lungs. 115 An alternative registration approach was proposed by During respiration, the breathing muscles-mainly the di-170 aphragm and intercostal muscles-contract, which causes 171 the thoracic cage and subsequently the lungs to expand. As 172 the lungs inflate inside the thorax, sliding can occur between 173 the membranes. At the lung-to-mediastinum interface, slid-174 ing is limited due to the entry of the vessels, bronchi, and 175 nerves. These, along with the heart and other structures in 176 the mediastinum, tend to move with the lung, though usually 177 with reduced amplitude. At the interface of the lungs with 178 the chest wall, the pleurae are free to slide with respect to 179 each other. The inferior, posterior part of the lungs near the 180 diaphragm tends to exhibit the largest sliding. At the anterior 181 side of the lung-to-chest interface, sliding motion is small as 182 the diaphragm is attached to the sternum, limiting the extent 183 of motion (see Gray, 19 chapter IV.6.c). Below the dia-184 phragm, the presence of the parietal pleura allows sliding of 185 the liver and upper abdomen against the chest wall. 
189
We define the sought motion mask as follows (Fig. 1 We can thus divide the method for obtaining the motion 215 mask into two parts (Fig. 2) . First, a preprocessing step is per- The top row shows the input CT image, and a 3D surface rendering of the corresponding motion mask obtained using the method. The second row shows the label images, obtained by extracting anatomical features from the CT image. This yields the bony anatomy, the patient body and the lungs. The label images are then combined (þ) and used to constrain (À) the evolving interface during consecutive level set processing steps, the results of which are shown in the bottom row. The current mask (white) is shown in overlay with the edges of the extracted features (black). From left to right are shown: the centered ellipsoid used to initialize the level set, the contour after reaching the detection point just in front of the anterior patient-to-air interface (the detection pointlocated in the center sagittal plane-projected onto this plane, would be located in the lower right corner of the image), the contour after having covered 95% of the lungs, and the final motion mask. The method requires binary label images of the outer 222 patient body contour, the bony anatomy, and the lungs. In 223 radiotherapy, some or all of these segmentations are often 224 readily available due to the treatment planning process. 225 Alternatively, methods described in literature, allowing to 226 automatically detect these features can be used. For com-227 pleteness, we will give a brief overview of the procedure fol-228 lowed here and refer to the relevant work for a detailed 229 description. The basic operations are thresholding, mathe-230 matical morphology, and region growing. In particular, 231 three-dimensional (3D) connected component labeling using 232 a 26-voxel connectivity is frequently applied, which amounts 233 to labeling each distinct object in a binary image. By sorting 234 the labeled objects with respect to the number of voxels, a 235 selection can be made based on the object size. In the follow-236 ing text, we will assume that patients were imaged from 237 above the lungs to approximately 15 cm below the dia-238 phragm in the exhale position.
239
The patient body: The image is first binarized by threshold-240 ing at -300 Hounsfield units (HU), and the largest connected 241 component of the low intensity regions is the air surrounding 242 the patient. Connected component labeling of all remaining 243 regions yields the patient body as the principal label.
244
The bony anatomy: Depending on the image quality, 245 extracting the complete bony anatomy can be challenging. 246 However, only an approximate segmentation of the rib cage 247 is required, since this label is only used for constraining the 248 evolving level set (see Sec. II B 1). We first perform edge 249 preserving smoothing, using anisotropic diffusion. 21 The 250 largest connected component, after binarizing with a lower 251 threshold of 100 HU, corresponds to the main connected 252 bony structure, i.e., column, vertebrae, ribs, and sternum. 253 For images obtained using a contrast agent, this step might 254 have to be modified.
255
The lungs: The quality of the lung label image directly 256 influences the aspect of the final motion mask (see Sec. II B 2). 257 The procedure adopted is largely based on a segmentation 258 method described by van Rikxoort et al.
Section II A). 259 First, thresholding at À300 HU is applied and only the second 260 largest label is retained, corresponding to the lungs, bronchi, 261 and trachea. The trachea is detected in the top axial slices, 262 and trachea and bronchi are identified using explosion-263 controlled region growing. 23 Filling the thoracic cavity: Next, we wish to fill the entire tho-325 racic cavity including the lungs and mediastinum. To this end, 326 the previous result is propagated further (a ¼ 1), but the underly-327 ing velocity field is altered so that in addition to the bony anat-328 omy, everything outside the patient body yields v(x) ¼ 0. The 329 part of the interface which has evolved outside the patient body 330 is now confined to its current position. The remainder of the 331 level set is let to propagate with unit velocity inside the thoracic 332 cavity while the coverage of the extracted lungs is monitored. 333 When the contour covers at least 95% of the lungs, the algorithm 334 is terminated, and the full lung region is included by calculating 335 the union of the resulting mask with the lung mask. The execu-336 tion is terminated at 95% rather than 100% for reasons of effi-337 ciency, the upper part of the lungs requiring a lot of iterations 338 while only marginally modifying the aspect of the contour.
339
Smoothing to the lungs: In this final step, we refine the pre-340 vious solution to obtain a smooth contour that adopts the outer 341 shape of the lungs but includes the mediastinum and upper ab-342 domen. The velocity map employed is a unit field everywhere 343 except outside the body, at the bony anatomy and in the lungs. 344 Only the curvature term is retained during this phase (b ¼ 30), 345 no propagation force was included (a ¼ 0). In practice, this will 346 lead to contraction as curvature is integrated along contour 347 length. As the driving force is now only determined by the local 348 curvature, regions with strong curvature initially evolve 349 quickly while others remain virtually unchanged. The evolu-350 tion conveniently slows down as the contour becomes 351 smoother, making the total number of iterations not very criti-352 cal. This step is run for 500 iterations, which was empirically 353 found to be sufficient to smoothen the mask. Note that, by prop-354 agating the contour outside the patient body in the first level set 355 processing step, and applying v(x) ¼ 0 to the air around the 356 body afterwards, we can avoid that the contour recedes and no 357 longer includes the entire abdomen. The motion mask is lim-358 ited to the patient body using the corresponding mask. Image intensities were interpolated using cubic B-splines.
396
Similarity was measured through the sum of squared differ- The motion masks were incorporated in the registration 400 framework using the method proposed by Wu et al. 5 In this 401 procedure, a mask is calculated for both the reference and The registration performance for the lungs was evaluated 417 by assessing the matching accuracy of anatomical landmarks 418 in the lungs. We calculated the target registration error 419 (TRE), which is defined as the distance between the manual 420 annotation in the target image, and the corresponding point 421 in the reference image after being displaced by the registra-422 tion results. 423 The landmarks for the first six patients were identified 424 using a semiautomatic software tool proposed by Murphy 425 et al. 32 The landmark identification procedure followed is 426 In addition, we assessed the registration performance out-439 side the lungs by evaluating the overlap between anatomical 440 features extracted from the image pair. We used the bony 441 anatomy, and the trachea along with the bronchi, detected as 442 described in Sec. II B 1. The features in the target image 443 were deformed using the registration results and we calcu-444 lated the Dice similarity coefficient 36 Conventional registration shows large motion estimates 491 for the lower ribs and column, leading to poor matching ac-492 curacy in these regions. Using a lung mask, the matching of 493 the lungs clearly improves, but errors are still present near 494 the diaphragm. Using a motion mask, a discontinuity in the 495 deformation field can be represented below the diaphragm 496 position of the exhale frame, resulting in an improved 497 matching of the surrounding tissue and bony anatomy. Table I contains the quantitative evaluation of the regis-499 tration results for the lungs using all landmarks. We compare 500 the distance between the landmarks before registration, the 501 mean TRE after conventional registration, after registration 502 using the lung mask, and using the motion mask. Table II 503 contains the mean TRE over all patients, the mean TRE 504 based on subsets of the landmarks and the overlap measures. 505 The registration results are further compared by computing a 506 paired t-test over all patients and considered statistically dif-507 ferent for p-values lower than 5 Â 10 À2 .
508
The use of the motion mask improved the registration ac-509 curacy for all patients, with respect to registration without 510 using a mask. The mean TRE over all patients and all land-511 marks (Table III , A) improved from 2.76 mm 6 3.14 mm to 512 1.75 mm 6 1.52 mm, and the improvement was statistically 513 significant (p-value ¼ 6.0 Â 10 À3 ). The difference in per-514 formance was greater when only considering the landmarks 515 near the chest wall (Table II, B) . We also evaluated the 516 signed average along all components (not shown in Table I ), 517 which revealed that the largest errors were found along the 518 craniocaudal direction, which is also where the largest dis-519 placements take place. The relatively large bias of 1.75 mm 520 for the conventional registration is reduced to below 0.3 mm 521 when using the motion mask. 
PROOF COPY [11-728R] 045202MPH
550 the level set procedure was applied to label images identify-551 ing clear anatomical features. The evolution of the level set 552 was monitored by defining stopping criteria directly related 553 to these structures, thus eliminating additional convergence 554 parameters. The proposed procedure comes down to a con-555 trolled level set segmentation of binary images. By design, 556 the obtained segmentation is confined between the ribs and 557 the lungs, includes the upper abdomen, and continues 558 smoothly between the lungs and below the diaphragm.
559
The procedure requires previously extracted feature 560 images, and the result can be affected by incorrect detection 561 of these features. Within our group, the segmentation proce-562 dure has been applied to other images, outside this study. 563 These include all 60 frames of the first six 4D CT data sets, , of the TRE after conventional registration without using a mask (NM), after registration using a lung mask (LM) and using the motion mask (MM). The TRE is calculated for all points in the lung based on 3620 measurements (A), for all points within 10 mm of the chest wall based on 757 measurements (B), and for all points within 10 mm of the diaphragm and mediastinum using 636 landmarks (C). The bottom part of the 
